The tumor suppressor p53 and the proto-oncogene Bcl-2 were two of the earliest identified cancer genes. Mutant p53 proteins were first discovered in transformed murine cell lines, 1,2 whereas Bcl-2 translocations were first identified in human follicular lymphoma. 3, 4, 5 Despite this shared cancer relevance, they were initially thought to have little else in common. p53 was proposed to activate cell cycle checkpoints, 6 whereas Bcl-2 was shown to inhibit cell death. Additionally, Bcl-2 overexpression was found exclusively in hematopoietic cancers, whereas p53 mutations were primarily found in solid tumors. However, the last 15 years have witnessed the emergence of strong genetic and biochemical ties between these two proteins, and it has become increasingly evident that signaling between p53 and Bcl-2 is of fundamental importance to cancer biology. This News and Commentary will focus on the pathways connecting p53 with Bcl-2 and the deregulation of this signaling network during tumor development.
p53 is a sequence-specific transcription factor that is activated by diverse forms of cellular stress. 7 Early studies of p53 focused on the ability of tumor-derived p53 mutants to promote cell growth and transformation. [8] [9] [10] Subsequently, p53 was characterized as an essential mediator of cell cycle arrest in response to diverse cellular stresses. 11, 12 The first suggestion that p53 could promote apoptosis came more than 10 years after its discovery from experiments in which p53 was introduced into a p53-deficient leukemia cell line. These experiments showed that enforced p53 expression could induce cell death in cells deprived of prosurvival cytokines. 13 Subsequently, work in p53 knockout mice demonstrated that p53 activity was essential for radiation-induced death in thymocytes and chemotherapy-induced apoptosis in fibroblasts expressing deregulated oncogenes. [14] [15] [16] Importantly, the ability of p53 to promote cell death could be directly linked to its tumor suppressive function. Development of certain tumors in p53 null mice was associated with decreased cell death rather than increased cell cycle progression. 17, 18 Additionally, certain tumor-derived p53 mutants were shown to be impaired for apoptosis induction, but capable of promoting cell cycle arrest. 19, 20 Early studies also indicated that the proapoptotic activity of p53 correlated with its ability to function as a transcription factor, as tumorderived p53 mutants defective in their ability to bind DNA in a sequence-specific manner were also found to be impaired for apoptosis induction. 21, 22 Still, some studies suggested p53 may promote apoptosis through transcription-independent functions. 23, 24 Only in the last decade have the relevant p53 targets in apoptosis come into focus. It now appears that the primary action of p53 in apoptosis is to directly and indirectly regulate the activity of the Bcl-2 family proteins.
p53 Transactivation of Proapoptotic Bcl-2 Family Members
The first mechanistic connection between p53 and Bcl-2 came from the identification of the proapoptotic 'multi-domain' Bcl-2 family member Bax, initially identified by the Korsmeyer laboratory.
25 p53 directly induces Bax transcription. 26 Additionally, Bax induction by stress-activated p53 can overcome the antiapoptotic effects of Bcl-2, and cells deficient for Bax are resistant to certain stimuli known to promote p53-dependent apoptosis. 27, 28 For example, deregulated oncogene expression induces p53-dependent apoptosis that is attenuated in the absence of Bax. 27 Thus, p53-mediated regulation of the ratio of Bax versus Bcl-2 protein level can influence the fate of a cell in response to stress.
However, p53-mediated transactivation of Bax does not fully explain the ability of p53 to inhibit Bcl-2 and promote apoptosis. For example, Bax-deficient thymocytes and intestinal epithelial cells readily undergo apoptosis in response to gamma-irradiation 29, 30 -situations in which p53-deficient cells do not. Additionally, Bax-deficient fibroblasts are significantly more sensitive than p53-deficient fibroblasts to chemotherapy-induced cell death. 27 Finally, Bax-deficient mice are not overtly tumor prone. 29 This discrepancy between the phenotype of p53 and Bax null cells and mice can be explained, in part, by the action of p53 on the proapoptotic 'BH3-only' class of Bcl-2 family members. These proteins act upstream of Bax and induce the activation of multi-domain proapoptotic proteins. 31 Several of these proteins, including Puma, Noxa and possibly Bid, are direct transcriptional targets of p53. [32] [33] [34] [35] Studies involving cells deficient for individual BH3-only proteins have identified apoptotic roles for these proteins that potentiate Baxdependent apoptotic pathways. For example, Puma-deficient colorectal cancer cells are resistant to hypoxia-related apoptosis and Puma suppression prevents Myc-induced apoptosis in B cells 33, 36 -situations in which p53 is known to mediate cell death. In both these contexts, Puma requires Bax to kill cells. Conversely, some p53-induced BH3-only proteins provide parallel signals that may simply reinforce the proapoptotic potential of Bax. For example, Noxa, like Bax, promotes p53-dependent apoptosis in fibroblasts in response to DNA damage. 37 Finally, certain p53-upregulated BH3-only proteins are essential for Bax-independent cell death. Notably, Puma-deficient thymocytes are resistant to apoptosis induced by gamma-radiation. 38, 39 Thus, p53
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Transactivation-Independent p53
Regulation of Bcl-2
In addition to its ability to promote the transcription of Bcl-2 antagonists, p53 employs additional strategies to regulate Bcl-2. For example, p53 can act to repress Bcl-2 transcription in some settings. Hence, introduction of p53 into certain p53 null cell lines results in repressed Bcl-2 gene expression, 40, 41 and induction of p53 using gamma-irradiation leads to reduced Bcl-2 expression in leukemia cells. 42 Although the mechanism for such repression is not completely clear, the Bcl-2 promotor contains a p53-negative response element, 43 raising the possibility that Bcl-2 may be a direct target of p53-mediated transrepression.
p53 may also directly impact Bcl-2 activity as part of a transcription-independent program of cell death. In this process, cytoplasmic p53 binds to proapoptotic Bcl-2-family proteins, leading to permeabilization of mitochondria and apoptosis. [44] [45] [46] Consequently, p53, itself, may act like a BH3-only protein and antagonize Bcl-2 function. Interestingly, structural studies have shown that the DNA-binding domain of p53 is required for direct p53-Bcl-2 interaction. 47, 48 Thus, tumor-derived p53 mutants impaired for DNA binding may also be impaired for Bcl-2 interaction. Although the relative contribution of the transcription-dependent and independent effector functions of p53 remains a topic of debate, these processes may also cooperate to promote cell death. For example, p53-induced PUMA protein is capable of disrupting cytosolic p53-Bcl-2 complexes, thereby releasing p53 to directly induce apoptosis at the mitochondria. 49 Thus, p53 can regulate Bcl-2 levels and activity through diverse mechanisms, all of which may be required to efficiently engage the cell death machinery.
Overcoming the Apoptotic Threshold
The identification of a myriad of proapoptotic p53 targets that each bind and inhibit antiapoptotic Bcl-2 family members suggests that it is only through the combined transcriptional activation of numerous proapoptotic targets that p53 exerts its full apoptotic capability. Similarly, a combination of p53-dependent and independent signals establishes a total apoptotic burden in a cell that stands in opposition to the prosurvival function of Bcl-2. Included in this apoptotic load are a number of BH3-only proteins that show no obvious regulation by p53, yet antagonize Bcl-2 function in response to specific cellular stresses. For example, the BH3-only proteins Bim, Bad and Hrk are induced by cytokine deprivation in a p53-independent manner, 50 yet these proteins may synergize with p53-induced pathways to overcome the antiapoptotic threshold set by Bcl-2 and promote cell death.
In 'sensitized' cell types, the total apoptotic burden in a cell is precariously balanced against the strength of the antiapoptotic Bcl-2 family members (Figure 1 ). For example, cells expressing deregulated oncogenes activate p53-dependent and independent apoptotic pathways that render these cells highly vulnerable to additional apoptotic stimuli. 51, 52 Exposing these cells to known inducers of p53, like DNA damageinducing chemotherapy, or stresses that activate parallel apoptotic pathways, like cytokine deprivation, readily tips these cells over the Bcl-2 threshold to induce apoptosis. Conversely, the inactivation of any single apoptotic pathway in oncogene-expressing cells may accommodate a level of oncogenic activity sufficient to promote transformation and tumorigenesis.
One biologically relevant setting in which the impact of apoptotic thresholds becomes apparent is in murine models of Myc-induced B-cell lymphoma. Deregulated Myc expression promotes p53-dependent apoptosis, 53, 54 but it also promotes the p53-independent activation of the proapoptotic BH3-only protein Bim. 55 Targeted inactivation of either the p53 or Bim pathway in Myc-expressing B cells is sufficient to promote tumor development. 55, 56 Similarly, tumor-derived Myc mutants that show impaired Bim activation, but normal p53 induction, are highly tumorigenic. 57 This also appears to be the case in human Burkitt's lymphoma, where both Bim and p53 deregulation exist, but are mutually exclusive. Thus, p53-dependent and independent signals act in parallel to promote cell death and suppress tumorigenesis. The combined strength of these signals is required to overwhelm the antiapoptotic Bcl-2 family members, such that inactivation of any one of several prodeath effectors can drop the system below its apoptotic firing threshold and allow unabated proliferation. Consequently, the proapoptotic effect of p53 signaling can be blunted without mutations in the linear program connecting p53 and Bcl-2.
Relevance of the p53-Bcl-2 Pathway to Cancer
Although p53 and Bcl-2 both represent focal nodes in convergent apoptotic signaling pathways, p53 loss and Bcl-2 overexpression are not equivalent lesions with respect to their impact on tumor phenotypes. First, p53 and Bcl-2 alterations are found in overlapping, but distinct, sets of Figure 1 Overcoming the antiapoptotic threshold set by Bcl-2 family members. p53-dependent signals, including the induction of Bax, Puma and Noxa and direct inhibition of Bcl-2, synergize with p53-independent signals, like the induction of Bim, to antagonize Bcl-2 function and promote apoptosis human malignancies. 58, 59 Second, whereas p53-deficient mice rapidly develop diverse tumor types, 60 Bcl-2 transgenic mice exclusively develop hematopoietic malignancies and then only after a long latency. 61 The broader spectrum of tumor phenotypes produced by p53 mutations can be attributed to the diverse cellular functions of p53. In addition to promoting apoptosis, p53 is also essential for the induction of cell cycle arrest or cellular senescence in response to diverse cellular stresses. Consequently, disruption of p53's arrest functions may be required to support tumorigenesis in some situations. For example, certain p53 mutants, defective in apoptosis but not cell cycle arrest, are impaired in their ability to initiate T-cell lymphomagenesis. 62 Additionally, in settings where there is a high apoptotic threshold, p53 may trigger other effector processes, such as cell cycle arrest. This is apparent in MEFs lacking an oncogene, which are intrinsically resistant to apoptosis, and in Myc-induced lymphomas expressing high levels of Bcl-2. 63, 64 Here, activation of p53 leads to cell cycle arrest or cellular senescence, respectively.
In contrast, p53 loss and Bcl-2 overexpression can have virtually identical effects on tumor pathology in some situations. In these contexts, p53's tumor suppression may be mediated primarily by its ability to transactivate proapoptotic targets and induce cell death. An example of this comes from studies involving the p53 target gene Puma. Puma is a critical proapoptotic target of p53 but is not required for mediating p53-dependent cell cycle arrest. 32, 33 Mice deficient for Puma are not overtly tumor prone, 38 supporting a critical role for evasion of cell cycle arrest or other p53-effector functions during tumor development in p53 null mice -where p53 loss acts as an initiator of tumorigenesis. However, in the presence of deregulated Myc expression, Puma deficiency promotes B cell lymphomagenesis as efficiently as p53 loss. 36 Thus, in specific contexts, p53 tumor suppression is mediated exclusively by signaling through the p53-Bcl-2 pathway. In these cases, cell cycle defects and genomic instability may simply represent by-products of p53 loss that are irrelevant for the initial steps of cell transformation.
Still, these by-products may provide new capabilities that become relevant later during tumor progression or in response to cancer therapy, producing tumors that are more aggressive than those acquiring strictly antiapoptotic lesions. Consequently, the high frequency and broad distribution of p53 versus Bcl-2 alterations in cancer may more accurately reflect the relevance of these proteins to tumor evolution as opposed to early tumor development.
Given the high frequency of Myc deregulation in human cancers, it seems likely that the targeted inactivation of mediators of p53-dependent apoptosis may supplant the requirement for p53 loss in a variety of tumorigenic settings. However, the status of most proapoptotic Bcl-2 family members in human malignancies remains unclear. Of note, Bax alterations have been found in both hematopoietic and gastrointestinal tumors. [65] [66] [67] In addition, Bim loss has been documented in 17% of human MALT lymphomas. 68 Whether Puma, Noxa or other BH3-only proteins are similarly inactivated in human malignancy remains to be determined. Importantly, owing to the sensitivity of the apoptotic threshold to subtle changes in prodeath signals, genes encoding proapoptotic Bcl-2 family members can be haploinsufficient for tumor suppression. For example, loss of a single Bim allele or incomplete RNAi-mediated suppression of Puma is sufficient to promote Myc-induced lymphomagenesis. 55, 69 Thus, studies that exclusively score the presence or absence of these genes in human tumors may significantly underestimate their relevance to cancer development.
Conclusions
The convergence of p53 on various aspects of Bcl-2 biology highlights the crucial role of this interaction in tumor suppression and drug response. Thus, promoting the p53-Bcl-2 interaction seemingly provides an ideal strategy for anticancer therapies. However, significant challenges remain in determining when and how best to re-engage this apoptotic network. First, whereas cancer cells commonly exhibit apoptotic defects, it will be important to identify tumorigenic contexts in which apoptotic lesions are central to tumor maintenance. Second, because the relevance of specific p53-induced effector proteins and antiapoptotic Bcl-2 family members may vary in distinct tumorigenic contexts, understanding the precise apoptotic pathways abrogated in specific malignancies will be essential for devising targeted proapoptotic therapies. This includes expanding our understanding of how parallel apoptotic pathways synergize with p53-Bcl-2 signaling to promote cell death. Finally, although the development of novel inhibitors of antiapoptotic Bcl-2 family members holds great promise, significant effort will be required to understand the genetic basis for susceptibility or resistance to these drugs and to devise combination therapies that potentiate their action.
